Abstract. Chronic obstructive pulmonary disease (COPD) is a common respiratory disease, in which adiponectin may serve an important role. The present study investigated the role of adiponectin in the apoptotic and damaging effect of cigarette smoke extract (CSE) on human bronchial epithelial cells (16HBECs). An MTT assay showed that CSE significantly inhibited the proliferation of 16HBECs (F=1808.88, P<0.01). The 16HBECs were treated with different concentrations of high molecular weight (HMW) adiponectin and globular domain (gAd) adiponectin and it was observed that HMW and gAd dose-dependently inhibited the expression of tumor necrosis factor (TNF)-α and interleukin (IL)-8, and the generation of 4-hydroxy-nonenal and reactive oxygen species (ROS) in 16HBECs, thereby blocking the upregulating effect of CSE on these factors. However, the inhibitory effect of gAd on TNF-α and IL-8 expression was stronger compared with that of HMW, but the suppressing effect of HMW on ROS production was superior compared with that of gAd. Further testing of apoptosis indicated that CSE and HMW promoted the apoptosis of 16HBECs. However, such effects of HMW declined with an increase in concentration. In contrast, gAd showed an inhibitory effect on apoptosis and inhibited the occurrence of CSE-induced apoptosis in a dose-dependent manner. Therefore, the present study demonstrated that different forms of adiponectin may have different mechanisms of action, suggesting that further exploration of their effects may open a new avenue for the treatment of COPD.
Introduction
COPD is a chronic inflammatory disease characterized by airflow limitation, with a high morbidity and mortality. According to previously reported statistics, COPD ranks fourth in the cause of mortality worldwide, and its rank is expected to move up to third in 2030 (1) . The prevalence rate of COPD among people over age 40 is 8.2% in China (2) . COPD has already become an important global public health problem. Therefore, further study and understanding of COPD are of great significance.
Epidemiological studies have shown that smoking is the most important pathogenic factor of human COPD (3) . Long-term exposure to tobacco smoke can cause the infiltration and recruitment of lung inflammatory cells, which can then release various cytokines and finally cause the formation of COPD through a variety of mechanisms (4) . Among COPD patients, 80-90% are smokers or ex-smokers (5, 6) . Studies showed that ~15-20% of smokers eventually develop COPD (7) , and a survey in China indicated that the prevalence of COPD among smokers was 2-4 times of that among non-smokers, and was directly associated with the duration and quantity of smoking, i.e., a longer duration and a greater amount of smoking results in a higher prevalence of COPD (8) .
Adiponectin is an adipokine secreted by adipocytes. Previously, a study identified that airway epithelial cells also secrete adiponectin, which through autocrine and paracrine mechanisms regulates chronic inflammation in COPD (9) . Tomoda et al (10) used ELISA to detect the serum level of adiponectin in male patients with COPD and found that adiponectin levels in the serum of patients with COPD was significantly higher compared with that of a normal control, suggesting that COPD may be closely associated with adiponectin. Chan et al (11) studied the association between adiponectin, interleukin (IL)-6, IL-8 and C-reactive protein with COPD, and found that adiponectin, IL-6 and C-reactive protein were significantly elevated in patients with COPD. Miller et al (12) used an adiponectin null mouse model to study the association between adiponectin and emphysema and observed an increase in diseased animals. Daniele et al (13) used ELISA technique and demonstrated that in patients with COPD, adiponectin levels were significantly upregulated, (14) indicated that in patients with COPD, the anti-inflammatory effect of adiponectin was primarily achieved through inhibiting the activity of macrophages and the release of pro-inflammatory cytokines, such as IL-6 and tumor necrosis factor (TNF)-α, from macrophages. In addition, adiponectin was shown to reduce the proliferation of lymphocytes, reduce lymphocyte reactivity, and induce the production of anti-inflammatory cytokines, such as IL-10 and IL-1 receptor antagonist, in monocytes and macrophages (14) . Wert (15) injected exogenous adiponectin into wild-type and adiponectin-deficient mice and induced the production of TNF-α in macrophages by lipopolysaccharide stimulation; it was observed that the quantity of TNF-α generation reduced in adiponectin-null mice compared with the control, suggesting the anti-inflammatory effect of adiponectin.
A previous demonstrated that adiponectin has a pro-inflammatory function in COPD. Miller et al (9) found that adiponectin can bind to the inducible adiponectin receptor 1 on airway epithelial cells and macrophages, promote the production of IL-8, TNF-α and other inflammatory mediators, and recruit the aggregation of various inflammatory cells (shch as macrophages and neutrophils) by chemotaxis. The synthesis and secretion of IL-8 further promotes the production of adiponectin and induces the synthesis of adiponectin receptor 1 on airway epithelial cells and macrophages, resulting in a cascade effect via autocrine and paracrine mechanisms and thereby exerting an anti-inflammatory effect. Thus, adiponectin serves dual anti-and pro-inflammatory roles in the occurrence and development of COPD; however, further investigation is required in order to determine which role exerts the leading effect. In the present study, cigarette smoke extract (CSE) stimulates human bronchial epithelial cells to simulate the occurrence of COPD, and the mechanism of adiponectin in this process is researched.
Materials and methods
Cell culture. Human bronchial epithelial cells (16HBECs) were purchased from ScienCell Research Laboratories, Inc. (Carlsbad, CA, USA), and cultured in Minumum Essential Medium (MEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a 5% CO 2 incubator. CSE preparation. CSE was prepared as described by Su et al (16) with modifications. Briefly, a stick of Da Qian Men cigarette (containing tar 0.013 g, nicotine 0.001 g and CO 0.014 g; Taiyuan Tobacco Company, Taiyuan, China) was connected to a syringe driving instrument (Fig. 1A) . The syringe was filled with 20 ml serum-free MEM, and the cigarette was lit. To simulate human smoking, the sucking lasted 2 sec, and the pause was 58 sec, to fully absorb the smoke. Each cigarette took ~7-8 min, and two cigarettes were tested continuously. The 20 ml serum-free MEM were then prepared into CSE stock solution after being adjusted to pH 6.8-7.2 with l N NaOH (Amresco, Inc., Farmingham, MA, USA) and sterilized by filtering through a 0.22 µm filter membrane (Merck Millipore, Shanghai, China). The CSE stock solution was then diluted with serum-free MEM into 0 (no CSE intervention group), 2.5, 5, 7.5 and 10% culture media, which were then used in the experiment within 30 min.
MTT assay. 16HBECs in the exponential growth were digested, resuspended, adjusted into 5×10 4 cells/ml, and seeded into 96-well plates at 200 µl/well in triplicate. After the cells were grown into 70-80% confluence 24 h later and washed twice with D-Hank's solution (Gibco; Thermo Fisher Scientific, Inc.), each well was added 200 µl of serum-free MEM containing 0, 2.5, 5.0, 7.5 and 10.0% diluted CSE stock solution. After another 24 h of culture, the CSE medium in each well was replaced with fresh medium containing 20 µl MTT (Amresco, Inc.) and 180 µl MEM, and the cells were cultured for another 4 h. The MTT medium was removed, and the plate was added 150 µl DMSO/well and shaken for 10 min. The absorbance was then measured on an automatic microplate reader (Bio-Rad 680; Bio-Rad Laboratories, Inc. Hercules, CA, USA) at 490 nm wavelength (A490). The inhibition rates were calculated based on the A490 values of the control (without CSE) and the blank (without CSE and MTT) wells. The CSE concentration with a cell inhibition rate of 50% was defined as CSE IC 50 (inhibitory concentration of 50%). Inhibition rate = (control well -experimental well) / (control well -blank well) x 100%.
Detection of TNF-α, IL-8 and 4-hydroxy-nonenal (HNE) with
ELISA. The cells inoculated onto 6-well plate at 1×10 5 cells/ml were randomly divided into the following 8 groups: i) CSE group, 2 ml MEM/well containing 100 µl of CSE (5% CSE); ii) negative control group, equal volume of D-Hank's solution/well; iii) high molecular weight (HMW) groups, first incubated in medium containing 5, 10 and 20 µg/ml HMW (Gibco; Thermo Fisher Scientific, Inc.) for 2 h at 37˚C, and then cultured in 5% CSE medium; iv) globular domain (gAd) groups, firstly incubated in medium containing 5, 10 and 20 µg/ml gAd (Gibco; Thermo Fisher Scientific, Inc.) for 2 h at 37˚C, and then cultured in 5% CSE medium. The above groups were cultured for 24 h, and the cells and supernatants were harvested and used for the subsequent experiments. The experiments were repeated three times, and the supernatants were collected to detect the contents of TNF-α (cat. no. EHC103a; Human TNF-α ELISA kit; Neobioscience, Shenzhen, China), IL-8 (cat. no. EHC008; Human IL-8 ELISA kit; Neobioscience), and 4-HNE (cat. no. E01H0203; Human 4-HNE ELISA kit; BlueGene Biotech Co., Ltd., Shanghai, China) proteins by ELISA.
Reactive oxygen species (ROS) determination. After 24 h of culture, the 6-well plate was removed from the incubator, and the cells were washed three times with preheated sterile D-Hank's buffer. The cells in each group were then added 1.5 ml medium containing 10 µM DCFH-DA (NKKCBio, Nanjing, China) and incubated for 40 min at 37˚C in a 5% CO 2 incubator. After incubation, the cells were washed three times with D-Hank's solution to remove the extracellular fluorescent substances and reduce the background. The cells were then collected and analyzed by flow cytometry (Beckman Coulter, Inc., Brea, CA, USA) and detected by Cytomics FC flow cytometry (Beckman Coulter, Inc.) within 1 h.
Apoptosis. The cells were harvested by digestion with EDTA-free trypsin (Gibco; Thermo Fisher Scientific, Inc.) and washed twice with D-Hank's solution (by centrifugation at 200 x g for 5 min at room temperature). The cells (1-5x10 5 ) were then resuspended in 500 µl binding buffer, mixed with 5 µl annexin V-FITC (KenGen Biotech Co., Ltd., Nanjing, China) and 5 µl propidium iodide sequentially, incubated at room temperature in the dark for 5-15 min, and detected by flow cytometry (Beckman Coulter, Inc., Brea, CA, USA) within 1 h.
Statistical analysis. All data were presented as the mean ± standard deviation and statistically analyzed using SPSS version 17.0 software (SPSS, Inc., Chicago, IL, USA). The comparison among groups was performed using one-way analysis of variance, and the pairwise comparison between groups was conducted using Fisher's least significant difference t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Inhibitory effect of CSE on 16HBECs. Bronchial epithelial cells are the first barrier to protect the airway tissue from the invasion of harmful substances, with a wide range of physiological functions. Bronchial epithelial cells are the major and first target cells to suffer from injuries in acute and chronic airway diseases. Upon activation by the stimuli of external harmful substances, they promote the expression of inflammatory cytokines and actively participate in the process of airway inflammation via secretion of inflammatory mediators, cytokines and growth factors (9) . Therefore, the present study used 16HBECs as a model to investigate the effects of CSE and adiponectin. MTT assay indicated that CSE significantly inhibited the proliferation of 16HBECs (F=1808.88, P<0.01) in a dose-dependent manner, and the IC 50 of CSE on 16HBECs was ~5% (Fig. 1B) .
Adiponectin reverses the CSE-upregulated expression of TNF-α and IL-8 in 16HBECs
. TNF-α and IL-8 serve important roles in the chronic airway inflammation of COPD. A previous study demonstrated that the levels of IL-8 and TNF-α are significantly elevated in patients with COPD compared with the normal control, and are significantly higher in the acute exacerbation phase compared with in the stable phase (17) . They are important inflammatory markers in evaluating the condition and prognosis of COPD (18) . ELISA detection of the secretion of TNF-α and IL-8 from 16HBECs treated with 5% CSE indicated significantly increased expression of TNF-α and IL-8 (Table I; P<0.01), suggesting that CSE may promote the expression of TNF-α and IL-8 and thereby cause injury to 16HBECs. In the serum, adiponectin proteins exist in the forms of full length structure (triploid, hexaploid and HMW) and gAd (14) . The present study explored the specific functions of different forms of adiponectin. Treatment of 16HBECs with different concentrations of HMW and gAd found that both forms inhibited the expression of TNF-α and IL-8 in a dose-dependent manner and significantly blocked the CSE-induced upregulation of TNF-α and IL-8 ( Fig. 2 ; Table II ). However, the inhibitory effect of gAd was more evident; while 5 µg/ml gAd significantly inhibited the expression of TNF-α and IL-8, a significant effect of HMW was only observed when its concentration reached 10 µg/mL (Fig. 2) . At the same concentration, gAd displayed a stronger inhibitory effect on the expression of TNF-α and IL-8 compared with HMW (Fig. 2) .
Adiponectin blocks the upregulating effect of CSE on 4-HNE and ROS levels in 16HBECs.
Tobacco smoke can induce inflammatory cells to infiltrate into the lung tissue and produce ROS (19) . An excessive production of ROS can cause peroxidation of cellular proteins, lipids, DNA and carbohydrates. As one of the most stable representative terminal products of lipid peroxidation under pulmonary oxidative stress, 4-HNE is more stable than ROS and can diffuse to and exert effects in distant tissues. The detection of 4-HNE and ROS indicated that both HMW and gAd inhibited the production of 4-HNE and ROS in a dose-dependent manner and significantly blocked the upregulation of 4-HNE and ROS by CSE (P<0.01; Fig. 3 , Table II ). Although there was no significant difference between the inhibitory effects of HMW and gAd on 4-NHE production, the suppression of ROS by HMW was more effective compared with gAd. The inhibitory effects of 5 and 10 µg/ml HMW were equivalent to those of 10 and 20 µg/ml gAd, respectively (Fig. 3) .
Effects of CSE and adiponectin on the apoptosis of 16HBECs.
CSE treatment significantly increased the apoptosis of 16HBEC (P<0.01; Fig. 4 ), suggesting that CSE can promote apoptosis in these cells. Intervention with different concentrations of HMW found that HMW further aggravated apoptosis; however, with the increase in HMW concentration, its apoptosis-promoting effect declined (Fig. 4) . Use of different concentrations of gAd for intervention showed that gAd dose-dependently inhibited CSE-induced apoptosis (Fig. 4) . These results indicate that different forms of adiponectin may have different activities, and that gAd has an anti-apoptotic effect.
Discussion
COPD is a common disease threatening public health worldwide. With a trend of increasing incidence, it has currently become the fourth biggest cause mortality worldwide (20) . Present therapies cannot block the disease progression of COPD patients, which severely affects the treatment efficacy and prognosis of COPD (21) . Therefore, further study on the pathogenesis and risk factors of COPD may provide a better theoretical basis for the prevention and treatment of COPD. Previous studies have shown that cytokines serve important roles in the pathogenesis of COPD; among them, adiponectin has drawn increasing attention (17, 19) . Adiponectin serves an important role in the body's metabolic processes; it has multiple biological functions, such as regulating lipid metabolism, Figure 2 . Adiponectin reversed CSE-upregulated expression of TNF-α and IL-8 in 16HBECs. 16HBECs were treated with 5% CSE, 5% CSE + HMW or gAd at different concentrations, and concentrations of (A) TNF-α and (B) IL-8 were detected by ELISA. Each bar represents the mean ± standard deviation from three samples. * P<0.05 vs. 5% CSE (-)/HMW (-)/gAD (-). CSE, cigarette smoke extract; gAd, globular domain; HMW, high molecular weight; IL-8, interleukin-8; TNF-α, tumor necrosis factor-α.
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improving insulin resistance, protecting the cardiovascular system, regulating bone formation, suppressing inflammation and tumor growth (22) . In addition, a previous study demonstrated that adiponectin is associated with the pathophysiology of airway inflammation (23). Sull et al (24) studied 2,500 healthy male Koreans and found that smoking reduced human serum adiponectin levels, and that such reduction was significantly associated with the quantity of cigarettes smoked. Kirdar et al (25) showed that the serum levels of adiponectin, erythrocyte sedimentation rate and C-reactive protein in the acute exacerbation phase of COPD were significantly higher compared with those in the stable phase, and hence believed that adiponectin may be a marker of systemic inflammation in COPD.
A previous study demonstrated that adiponectin serves a proinflammatory role in the pathogenesis of COPD (9) . However, further investigation indicated that adiponectin exerted anti-inflammatory effects in COPD. Summer et al (26) studied a mouse model and confirmed that adiponectin was present in the lungs and exerted an anti-inflammatory effect via reducing the release of TNF-α and matrix metalloproteinase 12 through inhibiting the activation of alveolar macrophages; adiponectin deficiency or insufficiency changed the type of pulmonary emphysema in mice. Nakanishi et al (27) reported that adiponectin deficiency led to the occurrence of COPD in mice, accompanied by systemic inflammation and extrapulmonary effects; they also found that hypoadiponectinemia is associated with the loss of function of endothelial cells and may therefore serve a key role in the progression of COPD and concomitant complications. Yoon et al (28) reported a seven year cohort study which indicated that an increase of serum adiponectin levels reduced the level of mortality of patients with COPD from cardiovascular diseases. Therefore, the function of adiponectin needs to be further verified in future investigations.
The present study on 16HBEC cells revealed that both HMW and gAd dose-dependently inhibit the expression of TNF-α and IL-8 as well as the generation of 4-HNE and ROS; they also significantly block the upregulating effect of CSE on the above factors. TNF-α is an important inflammatory and immune-regulatory factor in the pathogenesis of COPD. A previous study demonstrated that TNF-α serves a key role in tobacco smoke-induced chronic airway inflammation and connective tissue injury (29) . The primary biological function of IL-8 is chemotactic effect, which is the major cause of the increase of pulmonary neutrophils in patients with COPD. Meanwhile, IL-8 is an important indicator used to assess the severity of chronic airway inflammation (30) . Adiponectin can antagonize the upregulating effect of CSE on TNF-α and IL-8, indicating that adiponectin has an anti-inflammatory effect. In addition, oxidative stress serves a key role in the development and progression of COPD. Oxidative stress generates an excessive quantity of ROS, which may cause pathophysiological changes through various pathways (31) . Lipid peroxidation products from ROS, such as 4-HNE, may serve as signal molecules to activate nuclear factor-κB, causing pulmonary and systemic inflammation in patients with COPD; these inflammatory responses generate more oxidative-stress products, forming a vicious cycle (32) .
A previous study showed that the expression of 4-HNE significantly increased in mouse bronchial epithelial cells and type II alveolar epithelial cells upon exposure to tobacco smoke (33) , suggesting that 4-HNE may be involved in the injuries to bronchial mucosa caused by smoking. The inhibitory effect of adiponectin on 4-HNE and ROS production in the present study demonstrates its anti-inflammatory function. However, it was observed that gAd exerted a stronger inhibitory effect on the expression of TNF-α and IL-8 compared with HMW, while HMW more significantly inhibited the generation of ROS compared with gAd, suggesting that different forms of adiponectin may have different activities.
In the current study, analysis of apoptosis found that both CSE and HNW promoted apoptosis in 16HBECs, but interestingly, with an increase in concentration, the pro-apoptotic effect of HMW weakened. In contrast, gAd exerted an anti-apoptotic effect and dose-dependently inhibited the occurrence of CSE-induced apoptosis. These data further demonstrate that different forms adiponectin may have different mechanisms of action. Previous investigations have shown that HMW serves an anti-inflammatory role in monocyte-macrophages and vascular endothelial cells (34, 35) , while gAd can induce macrophage apoptosis (36) . However, it can be suggested that gAd has a role in the resistance of vascular endothelial cells to apoptosis and the protection of vascular endothelial cells, which is consistent with the findings of the present study. For example, a previous study demonstrated that gAd intervention of vascular endothelial cells increased the level of endothelial type nitric oxide (NO) synthase and thereby increased the production of NO, exerting a protective effect on vascular endothelial cells and serving an anti-atherosclerotic role (37). Zhao et al (38) reported that gAd significantly reduced apoptosis in vascular endothelial cells induced by persistent or fluctuating high glucose.
In conclusion, the present study explored the effects of HMW and gAd, two different forms of adiponectin, on CSE-induced apoptosis and injury in human bronchial epithelial cells, and found that both HMW and gAd dose-dependently reversed the upregulating effect of CSE on the levels of TNF-α, IL-8, 4-HNE and ROS. In addition, gAd inhibited CSE-induced cell apoptosis. These results suggest that adiponectin may form a novel therapeutic target of COPD; however, in-depth studies with other lung parenchyma cells and animal models are required.
